Small-angle X-ray scattering (SAXS) was performed on single-crystal chemical vapor deposition (CVD) diamonds with low nitrogen concentrations, which were fabricated by microwave plasma-assisted chemical vapor deposition at high growth rates. High optical quality undoped 500 mm-thick single-crystal CVD diamonds grown without intentional nitrogen addition proved to be excellent as windows on SAXS cells, yielding parasitic scattering no more intense than a 7.5 mm-thick Kapton film. A single-crystal CVD diamond window was successfully used in a high-pressure SAXS cell.
Introduction
Small-angle X-ray scattering (SAXS) is a powerful method for analyzing the structure of materials. The technique yields global information, such as particle sizes and size distributions from 1 to 100 nm, and shape and orientation distributions, in liquids, powders and bulk samples. This technique is becoming increasingly important and is often combined with electron microscopy to determine nanoscale structures. Applications range across the materials and life sciences. Recent specific examples include SAXS characterization of hydrogen storage materials, solid oxide fuel cells, chalcogenide glasses, aluminas, microemulsions, nucleic acids, proteins, mesoporous materials, inorganic polymers, coal samples, precipitation processes in the production of value-added zirconia, iron overload research in mammalian tissues etc.
In most SAXS applications the samples are enclosed in a sample cell with X-ray windows. The windows may be important not only for containing the samples but also to fix the path length, as in spectroscopic studies. A good SAXS window must satisfy several requirements. The window material must be transparent to X-rays and exhibit very little small-angle scattering compared with the sample of interest. The window scattering should be symmetrical about the beam center in applications where azimuthal integration is required. An ideal SAXS window must also show uniform scattering that is insensitive to slight changes in the cell position due to sample removal and loading. Finally, the window must be chemically inert to the samples it contains. Typical SAXS windows are made of low-Z materials such as diamond or beryllium, or very thin layers of Kapton, Mylar, polycarbonate or mica. High-pressure SAXS is especially taxing because the windows not only must be capable of withstanding high pressures with acceptable deformation, but also tend to be thick, which increases the background window scattering. Both beryllium and diamond windows have been used for this application in the past, but diamonds are more convenient for their optical transparency and safety (Ando, Chenevier et al., 2008) and have multiple superlative properties, including the highest known hardness, very low friction and adhesion, unmatched thermal conductivity, good electronic mobility, a high melting temperature, the highest electron dispersion, high dielectric breakdown strength, radiation hardness, biocompatibility and unique chemical inertness (Asmussen & Reinhard, 2002) . While a limited number of SAXS studies have been reported on synthetic and natural diamonds, it has been shown that nitrogen-free diamonds and diamonds with a low degree of aggregation yield little parasitic scattering (Shiryaev et al., 2000 (Shiryaev et al., , 2001 (Shiryaev et al., , 2003 Shiryaev & Boesecke, 2011) . However, these diamonds with low nitrogen contents, classified as type IIa diamonds, are very rare in nature and only make up 1-2% of all natural diamonds; 98% of natural diamonds are type I diamonds containing significant quantities of nitrogen, in the region of 100-1000 parts per million (Field, 1992) .
Recent developments in microwave plasma-assisted chemical vapor deposition (MPCVD) diamond synthesis have enabled unprecedented growth rates of single-crystal diamonds (McCauley & Vohra, 1995; Yan et al., 2002; Williams & Jackman, 2004; Mokuno et al., 2005; Tallaire et al., 2005; Sternschulte et al., 2006; Yamada et al., 2007) of high optical quality (Meng et al., 2012) , changing the prospects for the application of single-crystal CVD diamonds as window materials for SAXS. With MPCVD techniques, single-crystal diamonds can be produced to multicarat sizes at very high growth rates ($200 mm h À1 ) (Yan et al., 2002) . Single crystals above 12 mm thickness (or 10 carats in size) having a variety of optical and mechanical properties have been synthesized (Yan et al., 2002 (Yan et al., , 2004 Hemley et al., 2005; Ho et al., 2006; Meng et al., 2008; Liang et al., 2009) . High-quality optical components have been fabricated from undoped single-crystal MPCVD diamond materials, either as flat plate windows or as three-dimensional shapes such as anvils, with large dimensions that are not easily possible with natural diamonds (Meng et al., 2012) . These type IIa single-crystal MPCVD diamonds have been shown to sustain the generation of multimegabar pressures (1 bar = 100 000 Pa) (Mao et al., 2003) . In addition, MPCVD methods have been used to repair and augment natural diamond anvils, allowing containment of hydrogen to megabar pressures (Zha et al., 2009) . While in the past CVD diamonds have been largely disregarded as SAXS windows (Henderson, 1995) , technical advancement in MPCVD synthesis prompts renewed interest in these materials. In this paper, synchrotron SAXS studies were performed to demonstrate that high optical quality single-crystal MPCVD diamonds with low nitrogen content are excellent materials for SAXS windows.
Experimental methods
All the CVD diamonds examined in this study were MPCVD single-crystal diamonds. They were produced in a microwave plasma CVD system using high power density (50-100 W cm À3 ) microwave discharges operating at pressures of 100-200 Torr (1 Torr = 133.322 Pa) and temperatures of 1273-1773 K with gas mixtures of 10-20% CH 4 /H 2 . Deposition rates were typically 50-100 mm h À1 (Yan et al., 2002 (Yan et al., , 2004 Ho et al., 2006; Meng et al., 2008; Liang et al., 2009) . The as-grown single-crystal CVD diamonds were laser cut into discs of 3.0 mm diameter and polished on both sides to a final thickness of 0.5 mm (Fig. 1a) .
The nitrogen content and optical quality of the singlecrystal CVD diamonds were characterized by micro-photoluminescence, and by UV-Vis and IR absorption spectroscopy. Micro-photoluminescence (PL) and Raman measurements were performed using a confocal micro-optical system with fiber optics and a solid-state laser of 457 nm operated at 50 mW at room temperature. UV-Vis absorption spectra were measured at room temperature using a Shimadzu UV-Vis scanning spectrophotometer. IR absorption spectra were acquired using a Varian 670-IR Fourier transform IR spectrometer in the range 400-12000 cm
À1
. Synchrotron SAXS measurements were performed at the CHESS G1 Station. The X-ray beams had fluxes of 10 10 -10 12 photons per second at energies of 9.5-12 keV. Exposure times were 1-4 s. Fig. 1(b) shows the SAXS beamline setup. Upstream of the sample, the beam was defined by heliumenclosed slits to a size of 0.25 Â 0.25 mm or 0.10 Â 0.10 mm, with a sufficiently low level of low-angle parasitic scattering to resolve diffraction from structures greater than 100 nm. To characterize the parasitic scattering, the window materials were mounted in air, with their faces normal to the beam, on an X-Z translation stage. A 1.25 m-long vacuum flight path was installed downstream of the sample. A pin-diode beamstop blocked the direct beam close to the detector while recording the transmitted intensity, which was later used for normalizing the scattering profiles. The acquired SAXS images were integrated azimuthally about the beam center to produce one-dimensional profiles. In order to evaluate the radius of gyration (R g ) of the scatterers using the GNOM program (Svergun, 1992) , the scattering profiles were normalized and then a background profile was subtracted, which is the scattering profile from either air or an undoped single-crystal CVD diamond. Guinier analysis was also applied in the low-q region of the SAXS profiles to estimate R g [q = (4/)sin, where is half the scattering angle and is the wavelength of the incident radiation].
X-ray topography experiments were carried out at the CHESS A2 Station. The X-ray beam size was broadened by two Si(531) crystals with the X-ray energy set to 11.94 keV. The effective X-ray beam size on the sample was 4 Â 6 mm (vertical Â horizontal). The area detector was a home-made lens-coupled CCD camera, which contains a gadolinium gallium garnet (GGG) single crystal, the top 10.5 mm of which is Eu doped so as to luminesce when exposed to X-rays. The luminescent layer is imaged with a lens system (NAVITAR zoom 6000) with a maximum resolution of $10 mm but with a narrow field of view (2.5 mm). For large diamonds (>2.5 mm), the camera was translated horizontally and vertically to obtain their overall topography. Because all the diamond windows were cut in such a way that the [001] direction was roughly along the surface normal, the reflection geometry was used to record the {004} projection topography images.
Results and discussion
The SAXS from an ideal window (or system parasitic scattering) should be less than the scattering from the sample being studied. This requirement is particularly stringent in protein solution SAXS, where weak scattering from dilute protein solutions must be accurately measured. In a typical SAXS beamline such as the CHESS G1 station (Fig. 1b) , vacuum or helium-flushed flight paths are installed to minimize the background (air scattering). The three windows in the flight path that the X-ray beam passes through sequentially are two 12 mm-thick Kapton films and one 50 mm-thick Mylar film, which can hold a reasonably high vacuum ($5 mTorr) and produce very low background scattering. As shown in Fig. 2(b) , the scattering profile from the direct beam without any sample was the system parasitic scattering, which includes the scattering from the three windows as well as gas scattering along the flight path. When a single 7.5 mm-thick Kapton film was inserted on the sample stage, it yielded very little scattering (Fig. 2b) . This is why thin Kapton films are typically used in protein solution SAXS (Ando, Chenevier et al., 2008) . However, an undoped 500 mm-thick single-crystal CVD diamond grown in the atmosphere without intentional nitrogen addition had a SAXS signal comparable to the background scattering of the direct beam, and showed scattering even less than or comparable to a single 7.5 mm-thick Kapton film, demonstrating that undoped single-crystal CVD diamonds are excellent window materials for SAXS.
By comparison, the type Ia natural diamonds examined here display more intense and/or anisotropic scattering, as previously observed (Woods, 1970; Shiryaev, 2007; Shiryaev & Boesecke, 2011) . In one case, intense and isotropic scattering was observed (Figs. 3a and 3b) . To evaluate the average R g of the scatterers in this natural diamond, the profile of an undoped CVD diamond (Fig. 2b) was subtracted from the profile of the natural diamond. A pair distribution function (inset in Fig. 3c ) was calculated from the backgroundsubtracted profile in the range $0.01-0.2 Å À1 by the indirect Fourier transform method implemented in GNOM with a maximum size of 360 Å . The R g determined from the pair distribution function was 121 Å , consistent with the value obtained by Guinier analysis of 128 Å and within the typical range for type Ia diamonds (Shiryaev et al., 2003) . Strong cross-shaped scattering was observed for another natural diamond, which had been used in a previously reported highpressure SAXS cell (Ando, Chenevier et al., 2008) (Fig. 3d) . Such strongly anisotropic scattering is problematic for protein solution SAXS where scattering images are integrated azimuthally about the beam center. The undoped singlecrystal CVD diamonds presented here show no anisotropy in the scattering and are thus promising materials as SAXS windows.
For further correlation between nitrogen content and X-ray scattering, various single-crystal CVD diamonds were examined by UV-Vis and IR absorption spectroscopy. Singlecrystal CVD diamonds that displayed little parasitic scattering did not exhibit characteristic absorption bands in the onephonon region (1000-1500 cm
À1
) of the IR absorption spectrum associated with nitrogen impurities (Fig. 4a) , showing that they are type IIa diamonds. These single-crystal CVD diamonds also had high transparency in the UV-Vis range (Fig. 4b ) compared with typical nitrogen-containing diamonds . The spectrum in Fig. 4(b) was not corrected for reflection.
Raman and PL measurements made on ten single-crystal CVD diamonds with low concentrations of nitrogen were correlated with SAXS intensities. As shown in Fig. 4(c) , the single-crystal CVD diamond with the strongest parasitic scattering exhibited the highest PL intensities at 504 and 575 nm, which can be attributed to the presence of H3 (a pair of substitutional nitrogen atoms separated by a vacancy) (Zaitsev, 2001) undoped single-crystal CVD diamonds show uniform and less scattering across different regions, while nitrogen-rich singlecrystal CVD diamonds have more variation in scattering at different locations. X-ray topography was performed on both single-crystal CVD diamonds and natural diamonds in order to understand the origin of the strong SAXS. As shown in Fig. 5 , natural diamonds exhibit a very different topography from single-crystal CVD diamonds. Line defects such as dislocations and planar defects such as stacking faults can be observed in natural diamonds (Figs. 5a and 5b) , while dislocations are dominant in single-crystal CVD diamonds (Figs. 5c and 5d). These dislocations have line directions close to the [001] growth direction of single-crystal CVD diamonds, as previously observed by Gaukroger et al. (2008) . In several single-crystal CVD diamonds, viewing only part or one section of the diamond when rocking the diffraction angle suggests that the diamond lattice planes are bent (Figs. 5e and 5f ; see also the supporting videos available as supplementary materials 1 ), an effect that originates from the specific growth parameters used (D. Popov et al., manuscript in preparation). However, this bending nature is not responsible for the strong SAXS scattering, since single-crystal CVD diamonds producing no or strong parasitic scattering may both have bent planes (Figs. 5e and 5f) .
Comparison of the scanning SAXS data and the topography shows that nitrogen-rich regions with variable scattering have similar topographies. In addition, undoped single-crystal CVD diamonds (Fig. 5d) showing negligible scattering also contain many line defects (dislocations). These results suggest that the line defects revealed by topography do not cause strong scattering in the typical q ranges for SAXS. The correlation between the scattering and PL data suggests that the increased incorporation of smaller-scale defect clusters (vacancy clusters, and clusters composed of both nitrogen and vacancy) may be the cause of the strong SAXS signal in single-crystal CVD diamonds, and these clusters are associated with higher growth rates catalyzed by the presence of nitrogen.
The performance of single-crystal CVD diamonds as window materials for protein solution SAXS was examined by a high-pressure protein unfolding study. An undoped singlecrystal CVD diamond window (Figs. 2a and 5d ) was used to replace a strongly scattering natural diamond (Fig. 3d) in a previously reported high-pressure SAXS cell (Ando, Chenevier et al., 2008) . The destabilized L99A mutant of T4 lysozyme was characterized up to 300 MPa, as previously described by Ando, Barstow et al. (2008) . No pressure dependence was observed for the window scattering (Fig. 6a) , enabling unambiguous background subtraction (Fig. 6b) and subsequent Guinier analysis (Fig. 6b, inset) . Consistent with previous results (Ando, Barstow et al., 2008) , pressure-induced unfolding is observed with a pressure midpoint around 150 MPa and with a final R g of $30 Å . These results demonstrate that high-quality single-crystal CVD diamonds synthesized by MPCVD methods are excellent window materials for protein solution SAXS studies, while displaying superior (Fig. 4c) .
mechanical properties compared with typical window materials.
Conclusions
We have reported the first SAXS study of single-crystal CVD diamonds synthesized by MPCVD techniques. Parasitic scattering from single-crystal CVD diamonds was correlated with smaller-scale defect clusters detected by photoluminescence measurements, while larger-length-scale line defects observed by X-ray topography had no effect on the scattering or on the mechanical properties required for high-pressure studies. Our results demonstrate that even relatively thick undoped singlecrystal CVD diamonds (500 mm) exhibit parasitic scattering less than or comparable to the thin Kapton films (7.5 mm) used for typical SAXS experiments. An undoped single-crystal CVD diamond proved to be an excellent window material in the characterization of protein unfolding at high pressures. These results suggest that the large high-quality single-crystal CVD diamonds achievable by modern MPCVD techniques may not only replace the typical SAXS windows currently in use but also enable new SAXS studies that would benefit from the large dimensions and structural rigidity of the windows. 
